A four electrodes method with alternative current has been developed for measurement on the electrical conductivity of ionic melts at high temperatures, especially for that of CaF2-based slags for electro-slag remelting (ESR). The electrical conductivity was measured systematically for CaF2-based slags containing MgF2, BaF2, CaO, BaO, A1203, Ti027 Zr02, and CaS. From the results, the conduction mechanism of those slaps was discussed in terms of molar conductivity. The molar conductivity of CaF2 melt was changed with the addition of alkaline-earth oxides and fluorides, such as MgO, CaO, BaO, MgF2, and BaF2 in accordance with the intensity of cation-anion attraction. It suggests that those additives have a tendency to behave as ionic pairs in the melt. The remarkable decrease on the electrical conductivity of the melts was observed by the addition of some oxides, such as A1203, Ti02, Si02, and Zr02 into the melts. It suggests that those additives have a tendency to form oxyfluoride complex ions. An empirical equation was proposed for the calculation of the conductivity of multi-component slags for the ESR process.
I. Introduction
Electro-slag remelting process is a system for remelting an ingot in a slag pool contrained in a watercooled copper mould. The heat for melting an ingot is supplied mainly by Joule-heat for the current passed through the slag bath. Therefore, the electrical conductivity of molten slags plays an important role for the heat generation of the process.
The electrical conductivity of calcium fluoride is too high to generate enough heat by the current passed through the slag bath, so some addition to pure calcium fluoride is required to reduce the electrical conductivity from 7 to 3 mho/cm for a sufficient heatgeneration in the slag. Those additives were selected not only to decrease the conductivity of calcium fluoride but also to strengthen the refining action of calcium fluoride to the metal.
There have been several studies on the electrical conductivity of simple binary, ternary and practical slaps up to this time.1-3) The high conductive melts at high temperatures, such as CaF2 have the experimental difficulties in the measurement of the conductivity. Therefore, the values of the conductivity, previously reported, have shown the difference in each other even for pure CaF2 melt. There are not so many reports on the electrical conductivity of the slags at the temperature as high as the operation one for ESR up to 1 800 °C.
The Since the measurement is a relative method, the accuracy depends on the determination of the cell constant C and the solution resistance Rx. The relation among the electrical conductivity i, the constant C and the resistance Rx can be written by Eq. (2) Many factors affect the accuracy of the determination of the cell constant, such as the applied frequency, the volume of solution, the immersion depth of electrodes in the solution, the position of electrodes, the temperature of the solution and so on.11) Those effects were carefully investigated. The determination of the cell constant was carried out at a room temperature with a KC1 aqueous solution. The measurement of the electrical conductivity with moten KCl showed the negligibly small temperature dependence of the cell constant.
Many careful determination on the electrical conductivity gave it the value of 6.40 mho/cm at 1 600 °C for molten CaF2. Since then, the cell constant was determined with molten CaF2 at 1 600 °C after and before the determination of the resistance of a sample at a high temperature.
The effect of the applied frequency on the conductivity of CaF2-based melts was very small between 100 Hz and 10 KHz, so usually 1 KHz was used for the measurement.
The schematic illustration of the experimental apparatus is shown in Fig. 2 . The furnace was of a carbon resistance heating type. The crucible was made of molybdenum and the electrodes were four tungsten rods (1 mm~b).
Industrial and synthesized slags were used for the measurement of the electrical conductivity. The Fig. 3 . The treated conditions of the samples were as follows; the sample in Run A, B, and D were made of chemically pure CaF2 (Morita Chemical Ltd.), that in Run C used after the fusion of the CaF2 and that in Run E (Merck AG. Spuraput) welldehydrated under a vacuum heating of 180 °C before melting. The results for the non-treated samples (Run A, B, C and D) reveal the lower electrical conductivity than that for the well-dehydrated sample (Run E). Figure 4 shows the comparison of the electrical conductivity obtained in this work with those reported previously. Our results agree with those reported by Mitchell and Cameron,9~ but are different from those by Evseev and Fillipov,4~ Zhmoidin,s~ Winterhager et al.,8j and El Gammal and Hajduk11> especially at low temperature.
The apparent activation energy for the conduction was calculated to be approximately 4.8 kcal/mol from the Arrhenius' plot between the conductivity and the temperature. 2. CaF2-Based Binary System The electrical conductivities for CaF2-based binary melts are summarized in Fig. 5 at 1 700 °C. The specific conductivity of those binary melts decreased with the increasing amount of the additions in the order of A1203>Zr02>Ti02>BaO>MgO>BaF2> MgF2 except for the addition of CaO. Remarkable decreases in the conductivity were observed in the addition of acid oxides, such as A1203, Zr02 and Ti02, while the small additions of CaO increased the conductivity of the melt.
The measurement of the electrical conductivity for CaF2 Ti02 and CaF2-Zr02 melts above 1 600 °C was very dufpicult because of the existence of the following reaction. 2CaF2+Ti02 = 2CaO+TiF4(gas) 2CaF2+Zr02 = 2CaO+ZrF4(gas)
The formation of solid compounds of CaTiO3 (melting point 1 970 °C) and CaZrO3 (2 350 °C) were observed on the surfaces of those slags. In order to eliminate those reaction, the addition of 10 mol % CaO in advance was effective.
The information on the structure of CaF2-based melts is important for the consideration of the conduction mechanism in the melts, but the dissociation state to ions in those melts has not yet been clear. Therefore, the electrical coduction for those melts was considered in term of molar conductivity. The relation between specific and molar-electrical conductivity is shown in Fig. 6 . The molar conductivity is the one for a hypothetical melt containing 1 mol per unit volume and can be written by the following equation, A= KVM . ..........................(3) where, /l: the molar conductivity (mho .cm2) 'C : the specific conductivity (mho/cm) VM : the molar volume of a melt (cc/mol). Figure 7 shows the change in the molar conductivity of the CaF2-based melts containing alkalineearth fluorides and oxides. If the additive behaves to be equivalent to CaF2, the molar conductivity of the melt must be kept constant with or without the addition, while if it does only as diluent to the melt (in other word, it does not contribute to the conduction in the melt), the molar conductivity of the melt may change with the amount of the addition in accordance with the line I in Fig. 7 . The experimental results indicate that the molar conductivity of those melts containing alkaline-earth oxide and fluoride as MgO, BaO MgF2, BaF2 and CaO are higher than that estimated on the assumption of the simple dilution effect as shown by line I in Fig. 7 . It suggests that those contribute to the charge transfer in the CaF2 melts. Figure 8 shows the molar conductivity of the melts containing the additives of 15 mol% as a function of cation-anion attraction. The molar conductivity of binary melts decreases with the increasing cation-anion attraction.
It suggests that those have a tendency to form the ionic pairs in the fluoride melts. The similar effect was observed for alkaline-earth chlorides by Klem and Biltz.14~ The molar conductivity of the melts containing acid oxides, such as A1203, Zr02 and Ti02 is lower than that estimated with the dilution effect shown by cationmol% the line I in Fig. 9 . It suggests that those restrict the movement of the conduction ions in the melts. According to the study on cryolite-alumina melts,15~ it is considered that alumina in the melts combines with fluorine ions to form an aluminum-oxyfluoride and the maximum numbers of fluorine ions combined with 1 mol of A1203 are 6-equivalent. Therefore, alumina is assumed to combine with fluorine ions as Eq. (4).
A1203+6F-= A12Fr+AlOFt ............ (4) and transference numbers of calcium and fluorine ions to be 0.5, respectively. Moreover, if the molar conductivity depends only on the numbers of calcium rations and free fluorine anions, the change in the molar conductivity with the addition of alumina can be written by the line II in Fig. 9 . It seems that the experimental results satisfy those assumptions. The similar effects can be observed in CaF2(+CaO)--Zr02, CaF2(+CaO)-Ti02 and CaF2(+CaO)-Si02 systems.
CaF2 CaO-A1203 Ternary System
The specific conductivity of CaF2 CaO-A1203 ternary melts has been reported by many authors.4,s-9,12? The present results are shown in Fig.  10 together with those results on a constant weight ratio, CaO/A1203 of 1.00 at 1 600 °C. As shown in our work on the density of the melts,16~ the properties of those melts can be described as a function of the ratio of CaO/A1203 and CaF2 content. For the specific conductivity, the relation is shown in Fig. 11 . From this figure, iso-conductivity lines were estimated as shown in Fig. 12 . Numbers corresponding to open circles in this figure indicate the measured values on the conductivity. The region L1+L2 in the figure shows a liquid immiscibility.17 A maximum of the conductivity in the lime-rich region reported by Zhmoidin6~ is not observed clearly in our work.
CaF2 CaO-CaS-A1203 System
The electrical conductivity of the CaF2 CaO-CaS-A1203 system has not yet reported, but this system is important for the ESR process of a steel containing sulfur. The conductivity of the system is shown in Fig. 13 . According to the electronegativity of Ca, 0 and S,18) the ionic character of CaO is about 80 %, while it for CaS is approximately 40 %. Therefore, it was assumed that 1 mol of CaO is equivalent to Vol. 23, 1983 (1057 ) 2 mol of CaS for the electrical conduction in the CaF2-based melt. The conductivity of the melts containing 25 mol% A1203 was described as the function of the Ncao+2Ncas content as shown in Fig. 14. The addition of CaS to CaF2 CaO-A1203 melts decreases the conductivity of the melts and the effect of CaS can be explained by the assumption mentioned above.
Commercial Slags
The specific conductivity of commercial slaps for ESR is shown in Fig. 15 . The compositions of those slags are summarized in Table 1 . The conductivity of ANF-1 P was in the same order as that for pure CaF2, while that for ANF-7 was slightly lower than that for ANF-1 P. The conductivity of ANF-6 containing 30 % A1203 was about half of that for pure CaF2. The reduction of the conductivity with the addition of A1203 contributes to the promotion the stable operation in ESR.
Estimation for the Electrical Conductivity in Multi-
component Slags The estimation of the conductivity in multi-component slaps is practically important. An empirical equation for the calculation of the electrical conductivity in multi-component slags was constructed from the results of 43 runs. The conductivity of the slaps changed with the temperature as follows, IC = a+bt+ct2 (6) where, ic, t : the conductivity and the temperature of the slag, respectively a, b, c : the constants for the slag. In this work, the errors caused on the assumption of the linear relationship between the conductivity and the temperature did not exceed 5%. The coefficient b for the various slags could be regarded to be approximately constant and equal to 0.0039 (mho/cm .°C).
On the basis of the molar conductivity of those slaps, it was concluded that the addition of A1203, SiO2, Ti02 and Zr02 decreased with formation of fic conductivity of CaF2-based mol% A1203 as a function of (8) where, NA12o3 = 00.38, NSiO2 = 00.17 J Tlo2 = 00.18, Nzro2 -ONO.15 Ncao = 0 '' 0.65, Ncas = O '' 0.17, and t =1550-1780 °C. The difference between the experimental and the calculated value did not exceed about 10 % with the exception of some slags containing higher lime content.
Iv. Conclusion
A four electrodes method with alternative current was developed and the electrical conductivity was measured in CaF2-based melts for ESR process. The effect of additives to the melts was discussed in term of the molar conductivity. From the results, an empirical equation for the calculation of the conductivity was proposed for CaF2-based multi-component slaps containing various oxides. 
